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The ability of MALDI TOF MS to spatially map peptides and proteins directly from a tissue is
an exciting advance to imaging mass spectrometry. Recent advances in instrumentation for MS
have resulted in instruments capable of achieving several micron spatial resolution while
acquiring high-resolution mass spectra. Currently, the ability to obtain high quality mass
spectrometric images depends on sample preparation protocols that often result in limited
spatial resolution. A number of sample preparation and matrix deposition protocols are
evaluated for spatial profiling of Aplysia californica exocrine gland and neuronal tissues. Such
samples are different from mammalian tissues, but make good targets for method optimization
because of the wealth of biochemical information available on neuropeptide processing and
distribution. Electrospray matrix deposition and a variety of freezing methods have been
found to be optimum for these invertebrate tissues, with the exact protocols being tissue
dependent. (J Am Soc Mass Spectrom 2003, 14, 752–759) © 2003 American Society for Mass
Spectrometry
To understand the functioning of neuronal net-works, knowledge of the neurotransmitters andneuromodulators used in the neuronal networks
is important. The neuropeptide content of even well
characterized networks from simpler organisms is not
completely known, and for more complicated neuronal
networks, much information needs to be obtained. Even
with the wealth of genomic information available, di-
rect biochemical measures are often required to deter-
mine the presence and particular form of the neuropep-
tides present throughout the central nervous system
(CNS). Direct MALDI MS analysis of molluscan and
insect neurons [1–13], connective nerve tissues [14], and
even single peptidergic vesicles [15] provides informa-
tion about gene products and their processing to bioac-
tive neuropeptides. Mass profiling individually isolated
neurons is the most common method for obtaining
spatial information such as the cell-specific distribution
of peptides within brain regions known as ganglia.
Since neighboring neurons in ganglia may possess
different biological functions and, hence, vastly differ-
ent peptide profiles, mapping the contents of distinct
cells and cell types within the ganglia is necessary.
Several groups have demonstrated the ability to
examine sample heterogeneity and investigate peptide
and protein distribution in cellular and tissue samples
[16–22] with MALDI MS. To date, such work has
focused on mammalian tissues such as measuring the
distribution of amyloid  in the mouse brain [22]. These
studies present the exciting ability to distinguish vari-
ous tissue types within a tissue section; however, the
small cell sizes in such samples do not allow for
resolution at the cellular level, so that, for example, the
neuropeptide in particular cells can be determined.
Using the invertebrate CNS with larger neurons in the
range of 15–500 m in diameter (many of which are
substantially larger than the 20 m focused laser spot
size used here), MALDI MS analysis should provide the
capability to rapidly profile the contents of distinct cells
or cell types at or near cellular image resolution without
the requirement of cell isolation from the ganglion, a
capability that may be especially useful for those cells
that are not located near the ganglion surface.
In comparison to traditional microscopies, which
often require molecule-specific preselection, in MALDI
MS imaging, a focused pulsed laser beam is simply
rastered across the ganglion section in successive steps,
acquiring a mass spectrum at each laser position (see
Figure 1). An image is then constructed from ordered
arrays of position and intensity data for selected values
of m/z.
While the overall simplicity in organization and
well-characterized neural networks of invertebrate
model systems offer benefits over mammalian models,
the air- and solvent-sensitivity of their neurons rou-
tinely causes lyses during matrix deposition and dry-
ing, releasing cellular contents which can then mix
freely with matrix solvents [17]. The millimeter-sized
ganglia that contain thousands of these neurons do not
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exhibit the same physical properties as those of mam-
malian tissues, requiring unique preparation and sec-
tioning protocols. Here we describe preparation strate-
gies to allow MS-based profiling of neuropeptide
distributions in Aplysia ganglion sections. Traditional
and novel sample preparation and sectioning strategies
are presented.
Experimental Section
Animals
Aplysia californica weighing 10–200 g were obtained
from Aplysia Research Facility (Miami, FL), those
weighing 200–350 g were purchased from either Pacific
Biomarine (Venice, CA) or Marinus (Long Beach, CA),
Table 1. Sampling strategies investigated for the preparation of Aplysia tissue and ganglia for MALDI MS imaging analysis
Fixation technique Sectioning technique Comments
Tissue Tek O.C.T. No peptide signal
Low MW PEG signal
Carbowax 17000 M.W. No peptide signal
Some high MW PEG signal
Cold ethanol, 5 min Carbowax 17000 M.W. Carbowax-ethanol “slush”
Difficulty sectioning
Heat fixation, 60 sec Carbowax 17000 M.W. No peptide signal
Some high MW PEG signal
Agarose High peptide signal
Thin sections down to 10 m
4% PFA in soln  w/5 rinses Agarose
x  ultrapure water High peptide signal, salt
0.1 M PBS Low peptide signal, salt
0.02M PBS  0.1M NaCl Mod peptide signal, salt
Cold ethanol, 5 min Agarose Excessive shrinkage, hardening
Difficulty sectioning
Heat fixation Agarose
Microwave, pulsed 10-50 sec Few peptide signals observed
Boiling, 5 sec No signal, excessive shrinkage
Cryogenic fixation
Liquid nitrogen plunging: N2 (I) Minimal Tissue Tek High peptide signal
Excess ice crystal damage
Dry ice: CO2 (s) Porous substrate High peptide signal
Limited ice crystal damage
Excess cationation adducts
Figure 1. Schematic of the MALDI MS spatial profiling process. (a) A focused N2 laser beam is
rastered across the sample-matrix surface, acquiring a mass spectrum at each position in the raster. (b)
Mass spectra depict the MALDI MS peptide profiles from specific regions on the sample. Ordered
arrays of intensity and position data for selected values of m/z are used to construct images or maps
of peptide location on the sample surface.
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and larger animals (up to 2 kg) were collected from
McAbee Beach in Monterey, CA. Animals were main-
tained in artificial seawater (Instant Ocean, Aquarium
Systems, Mentor, OH) at 14–15 °C until used.
Chemicals
Tissue Tek O.C.T., Carbowax [17 000 M.W. (poly)ethyl-
eneglycol], and acetonitrile were obtained from Fisher
Scientific (Pittsburgh, PA). Paraformaldehyde (PFA),
type I and type IV agarose, -cyano-4-hydroxycinnamic
acid (CHCA), 3,5-dimethoxy-4-hydroxycinnamic acid
(sinapinic acid, SA), trifluoroacetic acid (TFA), and the
chemicals used to prepare artificial seawater were from
Sigma (St. Louis, MO).
Sample Preparation
Aplysia exocrine tissues and ganglia were dissected
from the animal and stored in artificial seawater (ASW)
up to two days until use. Tissues were then removed
from ASW and fixed according to Table 1. Depending
on the protocol used, the fixation and tissue stabiliza-
tion occurred at room temperature, cooled (0 °C) etha-
nol, or frozen using liquid nitrogen, N2 (l), or dry ice,
CO2 (s), as detailed in Table 1. Thin sections of the fixed
and prepared tissue of between 10–30 m thick were
generated with a HM 500 OM cryostat (Michrom,
Walldorf Germany) and the sections were transferred
directly onto the metal MALDI sample target (PE Bio-
systems, Framingham, MA).
After the tissue was placed on the target, matrix was
applied. The CHCA and SA matrices [15–20 mg/mL 3:2
(vol/vol) acetonitrile:0.3 % TFA] were deposited in
multiple layers with electrospray using a modified
homebuilt electrophoresis apparatus described previ-
ously [23] or by micro-spotting using a capillary mi-
cropipette device [15]. Briefly, for electrospray matrix
deposition a syringe pump (Harvard Apparatus, South
Natick, MA) delivered matrix to the tip of a 50 m
i.d./150 m o.d. capillary (Polymicro Technologies,
Phoenix, AZ) at a constant flow rate of 5 L/min. A
high voltage power supply supplied a 3 kV potential to
the capillary tip, which was positioned approximately 3
mm above the grounded metal sample target. During
the spraying process, computer-controlled Newport ac-
tuators translated the sample target in the x and y
directions at a rate of approximately 250 m/s. Samples
were sprayed with three to five successive layers of
matrix prior to drying under vacuum and storage in a
vacuum desiccator until MALDI MS analysis.
MALDI Analysis
MALDI MS profiling was performed using the Voyager
DE STR (PE Biosystems, Framingham, MA) with de-
layed ion extraction in positive ion mode. A pulsed N2
laser working at 337 nm was focused to 20–50 m using
a variable optical aperture. The laser was rastered
across the sample surface in 20–100 m steps, depend-
ing on the desired lateral image resolution and sample
restrictions. Automation of data acquisition was accom-
plished using customized search patterns with Auto-
matic Control Mode in the Voyager 5.1 software. An
averaged spectrum was generated from 16–32 acquisi-
tions at each position in the search pattern. MALDSPEC
software described previously [17] was used to generate
ordered arrays of position and intensity data from
which the molecular intensity images of the sample
surface were then constructed using commercial graph-
ical software such as Excel and/or Sigma Plot.
Results and Discussion
The ultimate mass spectrometric spatial resolution ob-
tainable depends on both the sample preparation pro-
tocols and the instrumental resolution. Commercial
MALDI instruments can obtain 25 m resolution.
Impressively, Spengler et al. recently described a spe-
cialized instrument for MALDI MS imaging with reso-
lutions in the micron range [24].
Just as in other microcopic techniques such as elec-
tron microscopy and secondary ion mass spectrometry,
the effective resolution can be poorer than predicted by
the hardware and often depends on the particular
samples being analyzed. Spatial profiling with MALDI
MS requires a sample preparation protocol that avoids
the relocation of peptides to ensure that the measured
peptide distribution reflects that of the living biological
system. While imaging of proteins with MALDI has
been successfully implemented [16], the smaller, more
easily redistributed peptides present special challenges.
The addition of matrix has been the focus of sample
preparation strategies as the liquid phase mixing of
analyte and matrix is intuitively a major cause of
peptide migration. Various low-volume pico-spotting
Figure 2. Electrospray matrix deposition. CHCA matrix was
deposited on a dried droplet of peptide standards (dashed line)
using the electrospray method. The 1600 m  400 m MALDI
MS image of -bag cell peptide [1–8] (1009 m/z) distribution
(0–50,000 counts) reveals there is no significant migration of
peptide signal beyond the original sample spot, but signal may be
dependent upon crystal density.
754 KRUSE AND SWEEDLER J Am Soc Mass Spectrom 2003, 14, 752–759
and spray techniques have been developed that allow
the deposition of matrix with reduced analyte migra-
tion and provide uniform matrix coverage [9, 16, 18, 20,
25, 26]. In practice, however, each deposition technique
possesses different characteristics that help eliminate
the peptide redistribution while still providing suffi-
cient signal and spectral resolution. In electrospray, if
the spray initiates too far from the sample surface, the
matrix arrives dehydrated; consequently, the analyte
does not incorporate into the matrix crystals. If it
initiates too close, the spray is too wet and solubilizes
and redistributes peptides in the tissue.
In order to verify our experimental protocols, we
analyzed several dried peptide standards on the
MALDI target over which matrix had been electros-
prayed. Figure 2 shows a combined photomicrograph
and MALDI intensity image of a portion of the sample
droplet coated with CHCA. The figure demonstrates
our ability to profile samples with negligible sample
spreading from the matrix deposition process observed;
in this case a 50 micron sample step was used that can
easily be decreased several-fold as needed with the
current instrumentation. However, by visually inspect-
ing the photomicrograph, one can clearly determine
that the CHCA spray produced rather large droplets in
the size range of 100 microns, approximately the diam-
eter of a moderately sized invertebrate cell. An investi-
gation of various matrix formulations and electrospray
parameters demonstrated that the SA formulation and
optimized electrospray parameters as detailed above
provide a more desirable homogenous, glassy surface
that is more suitable for tissue and ganglia specimens.
Even with the advent of these low-volume matrix
deposition methods, careful sample preparation prior
to matrix addition is important. Unfortunately, the
sample preparation strategies used in traditional optical
and electron microscopies are not compatible with
MALDI MS imaging analysis. When used for MALDI
MS, these strategies suffer from several problematic
features: chemical modification of peptides, suppres-
Figure 3. Investigating sample preparation with the Aplysia atrial gland. Representative MALDI
mass spectra from 30 m, SA micro-spotted atrial gland sections following preparation treatments (a)
embedding in Tissue Tek, (b) embedding in 5 % agarose, and (c) fast freezing, or N2 (l). The mass
spectrum obtained following embedding in Tissue Tek is completely dominated by low M.W. PEG
signals in the region of 800 to 2200 m/z. A comparison of spectra from agarose embedded and N2 (l)
prepared atrial glands suggests that agarose may potentiate selective ionization of specific peptides.
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sion of peptide signal, and disruption of morphological
integrity. Chemical fixatives acting as cross-linking
agents are often precluded due to specific chemical
interactions with analytes [27–30]. The reaction between
the aldehyde moiety of PFA with primary or terminal
amines of peptides generates a 12 m/z adduct per
modification with MALDI MS analysis [31]. Addition-
ally, heat fixation methods, such as microwave fixation
[32], present a possibility of peptide and protein degra-
dation during preparation. Other chemical agents com-
monly used in sample preparation ionize readily. For
example, embedding media, which are primarily (poly)
ethylene glycol (PEG)-based, dominate the mass spectra
with a typical envelope of peaks that overwhelm pep-
tide signals. Other techniques that precipitate tissue/
cell proteins tend to disrupt the morphological integrity
of the sample. In the case of ethanol, the excessive
volume loss, membrane surface changes, and even
rupture that can occur due to the removal of water
complicate the correlation of molecular images with
living state structural features [33, 34].
Several fixative treatments of Aplysia tissues and
ganglia resulted in MALDI mass spectra with signifi-
cantly compromised quality and therefore were not
shown. For example, in addition to the effects men-
tioned above, treatment with PFA and ethanol precipi-
tated salts that lingered even after multiple rinsing
steps, inhibiting matrix crystallization and causing sig-
nificant signal suppression effects. Both ethanol and
heat fixation caused tissue shrinkage, which compli-
cated sectioning and also yielded MALDI mass spectra
with peaks but few expected peptide signals.
Cryogenic methods [35–38] of sample preparation
and sectioning appear well suited for mass spectromet-
ric imaging with the requirement that water-containing
cell and tissue samples must either be rapidly frozen
and analyzed under cryogenic conditions, or dried
(usually under vacuum) prior to high vacuum MALDI
MS analysis [16]. Several methods of cryogenic prepa-
ration of an Aplysia tissues and ganglion have been
explored. Figure 3 presents MALDI mass spectra ob-
tained from 30 m, SA micro-spotted Aplysia atrial
gland sections following preparation with traditional
embedding media, agarose embedding, and fast freez-
ing. Traditional embedding media such as Tissue Tek
and Carbowax (data not shown) provide substantial
support and resilience to tissues during sectioning;
however, as demonstrated in Figure 3a, they contain
components that ionize readily, completely obscuring
peptide signals. Alternative embedding media such as
agarose can stabilize small and/or delicate tissues with
negligible ionization interferences in the peptide mass
range (Figure 3b). The fast freezing, liquid nitrogen
plunging technique provides significant signal intensity
and resolution with MALDI MS analysis as shown in
Figure 3c. A comparison of mass spectra from agarose
embedded and N2 (l) prepared atrial glands suggests
that while the agarose does not suppress peptide signal
by competitive ionization processes, it may enhance the
selective ionization of certain peptides.
This fast freezing technique worked well for bulk
tissue preparations of the atrial gland for MALDI MS
analysis. The Aplysia atrial gland is an exocrine organ
producing as many as 20 different peptides that influ-
ence the reproductive behavior of the animal. The
chemical composition of tissue homogenates, blots, and
even single vesicles has been well characterized by
MALDI MS [15]. This tissue was chosen for its ease of
isolation, its well-characterized peptides, and more im-
portantly, its reported homogenous nature that allowed
sample preparation procedures to be easily assessed
with a resolution of 100 m. The MALDI MS intensity
image in Figure 4 of A-NTP (1397 m/z) obtained from a
30 m section of N2 (l) frozen, SA electrosprayed atrial
gland demonstrates several key points. First, the sample
exhibits the expected signal homogeneity due to the
fairly uniform nature of the tissue. Second, several areas
contain reduced peptide signals, either due to unknown
sample preparation artifacts or to the nature of the
tissue (such as blood vessels, or regions of differing
composition, etc). Finally, relocation of peptides (typi-
cally less than 100 m) to surrounding substrate takes
place, likely during the drying process or even during
matrix deposition if tissues were not completely dried
prior to matrix electrospray.
In contrast with the more robust Aplysia atrial gland,
fast freezing was not successful for Aplysia ganglia as
Figure 4. Profiling the peptides in the Aplysia atrial gland. (a)
Optical image of a portion of a 30 m, SA matrix electrosprayed
atrial gland section prepared by N2 (l) following MALDI MS
imaging analysis with a resolution of 100 m. (b) Greyscale
intensity MS image showing A-NTP (1397 m/z) distribution (0–
25,000 counts).
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their smaller size and fragility rendered them difficult
to manipulate and surfaces were prone to extensive ice
crystal damage during freezing. An agarose embedding
technique proved more useful as it stabilizes the small,
ganglia samples, providing added support and resil-
ience during cryosectioning. Figure 5 demonstrates the
ability to profile neuron types without removing cells
from the ganglion matrix, including those that are
typically inaccessible because they lie beneath the gan-
glion surface. For proof of concept, a series of approx-
imately 50 sections, 30 m in thickness, was obtained
through the pedal ganglion (ventral to dorsal) and
micro-spotted with SA. Only a few of the corresponding
MALDI mass spectra are shown, but they demonstrate
that at different regions, or depths, through the gan-
glion, neurons exhibit significant differences in peptide
expression.
For these reasons, sectioning ganglia without embed-
ding is especially desirable. We find that slowly freez-
ing a ganglion onto a porous substrate over dry ice [CO2
(s)] in the cryostat workbox and then affixing the
porous substrate to the sample mount with minimal
Tissue Tek significantly reduces sample manipulation
and provides for sections as thin as 15 m that yield
spectra high in peptide intensity and resolution. Be-
cause some physiological saline is required to allow for
adequate adhesion to the substrate, the MALDI spectra
tend to contain a large number of salt adducts. As
shown in Figure 6, a MALDI mass spectrum generated
from a 15 m abdominal ganglion section with SA
matrix micro-spotted in the region between R3-14 neu-
rons and bag cell clusters reveal their combined peptide
profiles [4, 5] but with excessive cationation adducts
(sodiated, potassiated, and combinations of both). Fur-
ther work is necessary to investigate methods of reduc-
ing physiological saline prior to adhesion to the cellular
substrate. In particular, the benefits of lower cationation
need to be balanced against the potential for cellular
membrane disruptions and hence, peptide relocation.
Progress has been made in designing sample prepa-
ration strategies appropriate for MALDI MS analysis of
Aplysia tissues and ganglia. Based on these results, it
appears that the optimum sample preparation methods
are tissue specific, with various freezing protocols
Figure 5. Profiling the Aplysia pedal ganglion. Approximately 50 sections were obtained serially
every 30 m through an agarose-embedded pedal ganglion and were micro-spotted with SA matrix.
The mass spectra shown above demonstrate the ability to profile neuron types without removing cells
from the ganglion matrix, a capability that is especially amenable for neurons not located at the
ganglion surface.
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working best for the Aplysia exocrine gland and ganglia
samples. As such techniques are further refined, we
expect that the distribution of selected peptides in
particular neuronal circuits can be traced without de-
veloping immunhistochemical probes, allowing the
large number of signaling molecules used in even these
simple networks to be studied. Future work will con-
tinue to focus on improved matrix deposition tech-
niques, concentrating on techniques that are compatible
with cultured neurons.
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